The detection and characterization of gastric electrical activity has important clinical applications, including the early diagnosis of gastric diseases in humans. In mammals, this phenomenon has two important features: an electrical control activity (ECA) that manifests itself as an electric slow wave (with a frequency of 3 cycles per minute in humans) and an electrical response activity (ERA) that is characterized by spiking potentials during the plateau phase of the ECA. Whereas the ECA has been recorded in humans both invasively and non-invasively (magnetogastrography-MGG), the ERA has never been detected non-invasively in humans before. In this paper, we report on our progress towards the non-invasive detection of ERA from the human stomach using a procedure that involves the application of principal component analysis to MGG recordings, which were acquired in our case from ten normal human patients using a Superconducting QUantum Interference Device (SQUID) magnetometer. Both pre-and post-prandial recordings were acquired for each patient and 20 min of recordings (10 min of pre-prandial and 10 min of post-prandial data) were analysed for each patient. The mean percentage of ECA slow waves that were found to exhibit spikes of suspected ERA origin was 41% and 61% for pre-and post-prandial recordings, respectively, implying a 47% ERA increase post-prandially (P < 0.0001 at a 95% confidence level). The detection of ERA in humans is highly encouraging and points to the possible use of non-invasive ERA recordings as a valuable tool for the study of human gastric disorders.
Introduction and background
The study of gastric and intestinal motility from bioelectric and biomagnetic recordings is of great clinical interest due to the proven relationship between gastrointestinal (GI) disorders and abnormalities in the characteristics of gastric electrical activity (GEA). In mammals and humans, GEA consists of two distinct phenomena: an electrical control activity (ECA) that manifests itself as an electric slow wave and an electrical response activity (ERA) that is characterized by spiking potentials during the plateau phase of the ECA.
It was first shown by Bortoff et al (1981) that ECA propagation along the GI tract is mediated by the presence of both circular and longitudinal smooth muscle groups, which are highly coupled in the healthy state (Elden and Bortoff 1984) . The gastric interstitial cells of Cajal (ICC) act as pacemaker cells and possess unique ionic conductances that trigger slow wave activity, whereas smooth muscle cells lack the basic mechanisms required to generate ECA. Instead, cells of the latter type respond to the depolarization and repolarization cycle imposed by the ICC network and regulate L-type Ca 2+ currents which are also responsible for the contractile behaviour of the stomach (Horowitz et al 1999) . In both animals and humans, the antral region of the stomach has the capability of a pacemaker which generates and drives ECA slow waves along the gastric corpus in the direction of the pylorus (Horiguchi et al 2001) . The slow wave signal recorded by the electrogastrogram (EGG) consists of an upstroke followed by a plateau and then by a slow depolarization phase. In humans, the frequency of the recorded ECA signal is of approximately 3 cycles per minute (cpm).
From a theoretical perspective, it was proposed by Sarna et al that ECA can be modelled using a system of bidirectionally coupled relaxation oscillators (Sarna et al 1971 (Sarna et al , 1972a (Sarna et al , 1972b . Within the framework provided by this formalism, ERA was later shown to correspond to a bifurcation solution to the set of higher order partial differential equations that describe the dynamics of this coupled gastric activation system (Glass and Mackey 1988, Britton 1986 ).
There is much clinical interest associated with the study of ECA patterns to diagnose gastrointestinal diseases. The presence of abnormal ECA propagation patterns was found to be associated with gastric outlet obstruction (Brzana et al 1998 , Smith et al 2003 , gastroparesis (Smith et al 2003) , gastric myoelectrical dysrhythmia (Qian et al 2003) , atrophy and hypertrophy (Bortoff and Sillin 1986) , diabetic gastropathy (Koch 2001) and Chagas disease (Madrid et al 2004) , although no statistically significant differences were found between normal and abnormal EGG-recorded ECA patterns for human cases of achalasia (Verhagen et al 1998) and dysmotility-like functional dyspepsia (Oba-Kuniyoshi et al 2004 , van der Voort et al 2003 .
Motivation and purpose
The two most important procedures for measuring and quantifying GEA are the electrogastrogram (EGG) and magnetogastrogram (MGG). The EGG signal was first recorded by Alvarez (1921) with a galvanometer, whereas the use of electrodes for this procedure was pioneered by Bozler (1945) . Hamilton et al (1986) were the first to use EGG with the purpose of investigating gastric motility disturbances from recordings of ECA potentials in humans.
Many have questioned the reliability of EGG in recent years. In a study by Liang and Chen (1997) , it was shown that the detectability of gastric slow wave propagation from cutaneous EGG is dependent on the thickness of the abdominal wall and on the propagation velocity of the serosal slow wave. Another disadvantage of this method which was pointed out, among others, by Bortolotti (1998) is that the practicality of using EGG to detect alterations in slow wave frequency due to tachy-and bradygastria remains problematic in spite of considerable recent progress to improve filtering and analysis methods for this clinical procedure. Reservations concerning the significance of EGG as a diagnosis tool were also expressed by Camilleri et al (1998) , who indicated that the precise meaning of dysrhythmias, signal amplitude changes and the duration of such abnormalities relative to gastric emptying as quantified by EGG remain to be clarified. In addition, the stability of EGG recordings is affected by a variety of artefacts, such as the overlap of the electrical activities of the colon and stomach in cutaneous EGG recordings (Amaris et al 2002) .
In response to many of these concerns, two techniques dubbed magnetogastrography (MGG) and magnetoenterography (MENG) were pioneered in the late 1980s and early 1990s as non-invasive alternatives to EGG, the first one by Comani et al in 1989 (DiLuzio et al 1989 , Comani et al 1996 and the second one by Staton, Richards and Bradshaw in 1993 (Staton et al 1993 , Golzarian et al 1994 , Bradshaw 1995 . In 1997, Bradshaw et al showed that a high degree of correlation exists between the ECA frequency values determined using EGG and MGG (Bradshaw et al 1997) . Whereas bioelectric fields depend on tissue permittivity and are therefore much attenuated by the multiple layers of electrical insulators of the abdominal walls and omentum, magnetic fields depend on the permeability of biological tissues, which is nearly equal to that of free space. Thus there are significant advantages to the use of MGG for clinical investigations as compared to EGG.
Thus far, ERA has only been detected in animals using EGG and the only human study available was performed with invasive serosal electrodes (Hotokezaka et al 1996) . In 1995, Atanassova et al recorded spiking activity from anaesthesized dogs using implanted and cutaneous electrodes (Atanassova et al 1995a (Atanassova et al , 1995b . In 1999, Akin and Sun recorded the spike activity of the canine stomach using EGG (Akin and Sun 1999) . These authors concluded that ERA in serosal recordings occupies the frequency range of 50-80 cpm and later proposed an analysis method to extract the motility information from the EGG signal in the frequency range of ERA (Akin and Sun 2002) . In 2001, Wang et al investigated canine ERA using a blind source separation algorithm (Wang and Chen 2001 , Wang et al 2004 ). An increasing number of studies point to the possible use of ERA to identify and study gastric diseases. A study by Ouyang et al involving electroacupuncture of the canine stomach used ERA to quantify the improvement of gastric emptying brought about by the procedure (Ouyang et al 2002) . Another investigation by Garcia-Casado et al used spike potential recordings made using surface electrodes to investigate and monitor intestinal mechanical activity in dogs (Garcia-Casado et al 2005) . Finally, Xu et al studied the effects of enhanced viscosity on canine gastric and intestinal motility from invasive ECA and ERA recordings (Xu et al 2005) .
The purpose of this paper is to report the first non-invasive detection of ERA in humans and to show that significant differences in ERA patterns exist in pre-and post-prandial GEA. In addition, we demonstrate the application of principal component analysis (PCA) to magnetogastrographic recordings with the purpose of isolating and characterizing ERA patterns in the human stomach. In the following section, we describe our experimental set-up for acquiring MGG data using a Superconducting QUantum Interference Device (SQUID) magnetometer. We then proceed by outlining our PCA method and the manner in which we have applied it throughout our data analysis process. The proposed non-invasive detection of ERA is then discussed, followed by the statistical analysis of pre-and post-prandial ERA patterns recorded from ten healthy human patients.
Methods
MGG signals were recorded using a multichannel SQUID magnetometer (637i model, Tristan Inc., San Diego CA) that possesses a set of detection coils located at the bottom of an insulated dewar filled with liquid helium (T ≈ 4 K). The detection coils are magnetically coupled to the SQUID coils; the latter convert magnetic flux incident on the detection coils to voltage signals that are amplified and then acquired by a digital computer at the rate of 3 MHz. Detection coils are arranged in gradiometer format as a horizontal grid and 19 of them record the Cartesian component of the magnetic field that is normal with respect to the grid plane. At five of the 19 locations, the other two Cartesian components of the field are also measured. Informed consent was obtained from ten healthy human volunteers and the study was approved by the Vanderbilt University Institutional Review Board. Each subject was positioned underneath the SQUID magnetometer inside a magnetically shielded room (Vacuumschmelze). Volunteers were asked to suspend respiration and lie quietly for a period of at least one minute during each recording. For each recording, the magnetometer was oriented such that the coils measuring thex andŷ components of the signal tangential to the body surface were oriented in the sagittal and horizontal planes, and the coil measuring theẑ component normal to the body surface was oriented in the frontal plane. Sample plots of the MGG signals recorded from one healthy subject are presented in figure 1.
We have employed principal component analysis (PCA) (Johnson and Wichern 1988 , Rencher 2002 , Everitt and Dunn 1992 , Harris 1975a to reduce the dimensionality of our acquired MGG recordings. Originally introduced independently by Pearson (1901) and by Hotelling (1933) , PCA is a multivariate analysis technique that attempts to describe the variation of a set of multivariate data in terms of a set of uncorrelated variables each of which is a particular linear combination of the original variables (Everitt and Dunn 1992) . In the present case, the recorded MGG signal includes not only the gastric ECA and ERA, but also other underlying variables that can be considered, in our case, to be artefacts due to respiration, cardiac activity and to the rest of the GI tract (duodenum, small and large intestine). Thus each computed principal component (PC) of the MGG observation set is a linear combination of the underlying variables in that set. Letting x k represent one of these original n variables (k = 1, . . . , n), the ith PC y i can be formally defined as
where α ik are the linear coefficients (weights) assigned to each variable x k for the ith PC y i . In matrix notation, we have
where α T i denotes the transpose of the column matrix α i . The definition of y i can now be written simply as
In PCA, the ith PC is that linear combination α T i x which maximizes the value of the variance var(y i ) subject to the orthonormality constraint specified by
where δ ij is the usual Kronecker delta-function. The variance is computed from
where S is the variance-covariance matrix of the original variables. The optimization technique of Lagrange multipliers (Morisson 1967, Chatfield and Collins 1980) is applied in our approach to maximize the variance of each PC, which leads to the calculation of the eigenvectors of S. These eigenvectors correspond to the eigenvalues of the variancecovariance matrix arranged in descending order according to their magnitude; thus the first PC can be interpreted as that linear combination of the original variables which maximally discriminates among a set of subjects. Z scores, defined as the data formed by transforming the original data into the space of the PCs, are also computed. An important statistic associated with PCA is Hotelling's T 2 statistic, which provides a measure of the multivariate distance of each observation from the centre of the data set. In our computational approach, in addition to the PCs, we also compute Z scores, the eigenvalues of the covariance matrix as well as Hotelling's T 2 statistic for each time data point. After computing the PCs of an MGG data set, the so-called labelling problem of PCA must be addressed. This problem can be defined as the 'task of finding substantive interpretations of some set of hypothetical latent variables which have been derived through PCA' (Harris 1975b ). In the case at hand, this translates into the challenge of associating one of the computed PCs with the gastric signal, which constitutes in this case the latent variable of interest. For the present study, the labelling problem was addressed using a visual analysis of the PCs that sought to identify the particular PC whose waveform best matched the gastric ECA waveform, which has a distinct frequency of 3 cpm. In most cases-including the example illustrated in our figures-the gastric PC was found to be among the first five PCs that accounted for the highest percentage of the variance in the recorded signals. We found this to be the case because the gastric signal is relatively strong compared to other components of biological origin and because it was superseded, in most cases, only by motion artefact signals. For the data set in figure 1 , the selected PC is displayed in figure 2 . As an aid to the decision process concerning the optimal PC to select, the power spectral density (PSD) of each PC was computed using the classical fast Fourier transform (FFT) and analysed visually, thus providing a time-frequency representation of the MGG data. The frequency spectrum of the PC in figure 2 is shown in figure 3 . After selecting a suitable PC, the signal provided by the chosen PC was processed for further analysis. First, linear detrending was applied to eliminate short-lived data trends due to extraneous causes, thus ensuring that low-frequency noise was eliminated. Then, a number of bandpass, second-order Butterworth filters were designed. The Butterworth filter is maximally flat in the pass-band and monotonic overall, which reduces the effect of pass-band ripples in the signal to a minimum. These types of filter sacrifices roll off steepness for monotonicity in the pass-and stop-bands. To generate each filter, z-transform coefficients were created for a lowpass digital Butterworth filter of order n with user-specified cutoff frequencies for each filter. Filter coefficients are specified in our approach in two rows a and b of length n + 1, with coefficients listed in descending power of z:
These coefficients are then used to filter the PC data in the forward and reverse directions for zero-phase filtering. After filtering in the reverse direction, our algorithm reverses the filtered sequence and runs it back through the filter; the resulting sequence has precisely zero-phase The spectral energy present in the range 2-4 cpm corresponds to the gastric signal, whereas the peaks at 70-80 cpm is due to the cardiac artefact. A visual comparison of the ranges displayed on the vertical axes of the two plots (A) and (B) reveals that the gastric ECA signal is by far much stronger than both the respiration and cardiac artefacts. The power value associated with the highest peak in the frequency spectrum for the interval 100-500 cpm was found to be about 5 × 10 −6 pT 2 Hz −1 , which is significantly lower than both (A) and (B); this demonstrates that high-frequency components in this range contribute very little to the signal; for this reason, the associated plot for the interval 100-500 cpm is not reproduced for brevity.
distortion and double the filter order. In addition, our algorithm attempts to minimize startup transients by adjusting initial conditions to match the dc component of the signal and by prepending several filter lengths of a flipped, reflected copy of the input signal.
Results and discussion
The cutoff frequencies used for our analysis and the resulting filtered waveforms obtained from the processing of the PC in figure 2 are presented in figure 4 , where plots of magnetically recorded ECA and ERA are shown. It is well known that the ECG and MCG signals due to the human heart have characteristic components that are spread in a wide range of frequencies (Cohen 1988) . Thus, unavoidably, although the dominant frequency of the cardiac signal is around 75 cpm for the example in figure 4 , the frequency ranges of ERA and MGG must overlap at least partially. For this reason, we have chosen to display both signals using the method of figure 4(C), where the cutoff frequencies for the Butterworth filter were 60-100 cpm. In that figure, the cardiac waveform can be seen in the time interval between 0.45-0.80 min. However, another signal is also present in figure 4(C); this signal is both qualitatively and quantitatively different from the cardiac MCG signal and why this is the case is explained both below and by the analysis provided in figure 5 .
(1) The amplitude of the second signal identified in figure 4(C) (i.e., the non-cardiac signal corresponding to the signal in figure 5(C) ) is twice as high as that of the MCG signal. The latter signal remained approximately constant throughout the entire analysed time segment because the human subject lay still and did not move throughout the data acquisition process.
(2) The waveform of the second identified signal differs categorically from the MCG waveform (see figure 5) . It can be noted that ERA has a higher amplitude and a lower frequency than the MCG signal and that it appears only during the plateau phase (i.e., after the beginning) of the associated ECA wave. Signals plotted within time intervals * and ** (delineated by vertical bars and horizontal arrows) are drawn separately and discussed further in figure 5.
(3) The non-cardiac signal was identified in the frequency range of 60-100 cpm, i.e., in approximately the same frequency range where ERA had been detected in animals (see, for example, Atanassova et al (1995a) , Akin and Sun (1999) ).
(4) Most importantly, the non-cardiac signal in figure 4(C) is seen only during the plateau phase of the corresponding ECA waveform in figure 4(A) . This can be demonstrated by analysing time segments 0.20-0.45 min, 0.85-1.15 min and 1.2-1.3 min, where it is clear that the second identified signal appears on the plateau of the ECA wave. Thus the non-cardiac signal satisfies the properties of the ERA signal previously observed in canines and felines by a plethora of other GI researchers (Atanassova et al 1995a , Akin and Sun 1999 , Wang and Chen 2001 , Wang et al 2004 . It is reasonable to assume that human ERA would be seen in about the same frequency range because the depolarization and contractile mechanisms of the gastric muscles that are responsible for ERA are very similar for both humans and animals. In (A), the unfiltered cardiac PC is shown; because no filter was applied there, the magnitude of the signal is higher than in (B), where the filtered MCG signal for the same time period in (A) is nevertheless still identifiable; the P, Q, R, S and T waves that are characteristic of cardiac activity are labelled for a sample MCG interval. In (C), the ERA waveform is of greater magnitude and does not exhibit MCG characteristics. The fact that the MCG and ERA are out of phase with each other is indicated by the presence of an oscillating envelope associated with the ERA signal, indicating again two distinct generating sources for the two phenomena.
(5) The second observed signal cannot be due to small or large intestine activities because the frequency ranges of these two types of electrical activity are far below the frequency range investigated here (i.e., 10-15 cpm for the small intestine and 8-12 cpm for the large intestine). In addition, skeletal muscle activity exhibits frequencies above the frequency range of 60-100 cpm investigated here and neither intestinal nor muscular activity are time-locked with the plateau phase of the ECA cycle.
In view of the reasons enumerated above, we conclude that the non-cardiac signal in figure 4(C) is generated by the ERA signal from the human stomach. This figure provides an example of what motivates our belief that we detected ERA from the MGG signal. Because our subjects lay still throughout the data acquisition process, there is no reason to consider the possibility of abrupt changes in the characteristics of the MCG signal for the time periods analysed. One might argue, however, that the presence of the non-cardiac signal on the plateau phase of the ECA wave in figure 4 (point (4) above) is due to mere coincidence. In our analysis approach, however, this possibility was refuted in light of a statistical test applied to the ten human MGG data sets used in our study. This test was applied as follows. First, a computerbased analysis identical to that in figures 4(A)-(C) was conducted for every human data set used in this study. Then, for each slow wave detected in a data set (figure 4(A)), the associated plot analogous to that in figure 4(C) was analysed and every non-cardiac signal detected using the analysis above was subjected to criteria (1), (2) and (3) above. It was then found that, when the non-cardiac signal fulfilled all these three criteria, it also fulfilled criterion (4) above in more than 19 out of 20 cases (confidence level >95%). Thus it is statistically reasonable to conclude that the appearance of our non-cardiac signal only during the plateau phase of the ECA is not a coincidence and that the signal is human ERA. Post-prandial changes in ECA patterns have been investigated by a number of authors. Terasaka et al was among the first to show that that cellular coupling decreases post-prandially (Terasaka et al 1989) . Post-prandial changes in electrical control activity that are recordable from serosal and cutaneous EGG recordings have been investigated, among others, by Lin et al (2000) . Prompted to investigate this phenomenon by the controversial interpretations that have been given to the post-prandial increase in the dominant power of the EGG, these researchers concluded that exogenous stimulation-such as water ingestion-may change ECA amplitudes that are reflected in the EGG.
To study the effect of eating upon ERA characteristics, the analysis methods presented in the previous section were applied to the MGG data acquired from ten healthy human volunteers. Both pre-and post-prandial recordings were acquired for each patient and 20 min of recordings (10 min of pre-and 10 min of post-prandial data) were analysed for each patient. After acquiring pre-prandial data, subjects were given a standard turkey sandwich and 300 ml of water, whereafter post-prandial data were acquired.
The results of our data analysis are summarized in table 1. For each patient, the number of ECA waves was counted and the percentage of those waves that exhibited what we suspect to be ERA patterns detectable using our algorithm was also computed. The fact that the percentage of ECA waves with ERA activity is different from subject to subject is an indicator of inter-patient anatomical and physiological variability as well as other factors such as different signal-tonoise ratios for each experiment, small experimental set-up differences, etc. Nevertheless, as a result of applying a two-tailed paired t test, a statistically significant difference between pre-and post-prandial ERA recordings was found (p < 0.0001). We believe this to be evidence that, as a result of eating, the amplitude of ERA increases by approximately one-half of its pre-prandial value in normal humans. This conclusion is supported by the box plot in figure 6 , where it can be seen that a statistical difference exists between pre-and post-prandial averages of ECA wave percentages with exhibited ERA.
A simple plot of the quantities in the third column of the table (post-prandial percentage) versus those in the second table (pre-prandial percentage) is shown in figure 7 . The leastsquares line of best fit was computed using a nonlinear optimization algorithm. The result of applying this technique shows that a linear relationship between the two quantities (pre-and post-prandial percentages) is quite suitable. What this indicates is that the amplitude of ERA in the human stomach increases linearly from pre-to post-prandial recordings by approximately 50%. Whereas this is expected on physiological grounds because ERA is associated with the contractile behaviour of the stomach (which increases post-prandially during digestion), this is the first study to report and quantify this increase in humans. Thus these results may represent an independent confirmation of the close relationship of direct dependence between ERA and the contractile activity of the gastric smooth muscle using the novel biomagnetic method of investigation. Moreover, the fact that this result could be obtained from our analysis without having treated it as an assumption throughout our investigation is an indicator in favour of biomagnetic method reliability.
The ERA patterns detected using our algorithm were found to exhibit a dominating frequency of 61.2 ± 2.4 cpm (mean ± SE, where the standard error SE of the sample was computed based on its standard deviationσ using the formula SE =σ / √ n where n = 10 is the sample size). This value differs significantly from the dominating frequency of the cardiac signal, which was found to be 77.6 ± 1.7 cpm (mean ± SE). What this may imply is that there is relatively little overlap between the frequency contents of the two signals, which is of course benefic from the standpoint of isolating and studying ECA during the analysis process.
An important issue to note at this point is that, since this is the first reported ERA detection from non-invasive MGG recordings, some type of independent validation of the results presented here must be obtained by means of a highly reliable method such as invasive serosal recordings from humans. Although such recordings are not available in our case, we can state confidently that we have detected and analysed a type of signal that is time-locked with the plateau phase of ECA and that we strongly believe to be a human ERA signal. To fully ascertain the validity of our claim, a future correlation study involving direct serosal or mucosal electrode recordings-which has been done before and is therefore a trusted method-and MGG recordings is necessary.
Conclusions and future research
In conclusion, by means of a PCA of non-invasively acquired MGG signals, we have detected a biological signal with characteristics that strongly resemble those of gastric ERA in humans. By analysing the frequency spectrum of the gastric PC, we found suspected human ERA in the frequency range of 60-100 cpm, as well as post-prandial increases in the contractile activity of the smooth gastric muscle. Our analysis technique opens a new avenue of investigation into the characterization of gastric diseases in man, including the possible future development of non-invasive methods of diagnosis that could potentially differentiate between gastric diseases of neurological and muscular origin based on the principal component analysis of ERA recordings. also provided important suggestions. Funding was provided by the National Institute of Health, grant nos RO1 DK 58697 and R01 DK 058197.
